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In this paper we evaluate the worth of a scintillation 
counter as an Instrument to measure gamma ray dosage) 

!•©., the energy absorption per unit mass. Data are 
obtained by calculations fro© differential pulse 
height spectra obtained with nearly sonoorglc sources 
in the 0,C to 3 Slev range) find comparisons of overage 
secondary electron energy with that theoretically 
expected are made. Also dosages calculated fro© the 
crystal output are compared with that obtained from on 
ion chamber • 

It is concluded (on theoretical grounds) that 
organic crystals are much better suited for dosage 
measurements than inorganic types; and (on experimental 
grounds) that as the gasuss ray energy is increased the 
finite size of the crystal causes the average secondary 
electron energy (and therefore the expected dosage) to 
decrease. This is explained by "leakage"; i.c., edge 
effects of the crystal* One can decrease this effect 
by surrounding the crystal in an dr-equivalent medium 
such as luclte which reflects the secondary electrons 
back into the crystal. 

Other experimental conclusions are: (a) Lucite 

light pipe and reflectors associated with the scintillator 
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have little effect on dosage, (b) f?emovel of photons 
fro© the bees, though en appreciable effect , can 
easily be computed and thus corrected, (e) Plural 
scattering effects in the crystals used are shown to 
be relatively unimportant, (d) Dosage determinations 
with the scintillation counter using our ©xperisumfcel 
set-up are somewhat indeterminate due to the difficulty 
in determining th window width of the differential 
discriminator . However values of dosage obtained are 
in reasonable agreement with those obtained from the 
conventional ion chamber, (e) A value of tfao gamma 
energy of radium which is a weighted average of the 
various energies Recording to abundance is experimentally 
determined. If meaningful it indice tea that the gamma 
spectrum of rtdiuis is somewhat more energetic then 
indicated by the spectrum commonly accepted. It is 
felt, however, that these results are not too significant 
duo to the heterogeneity of the radium spectrum. 



Thesis Supervisor* Roblsy £. Evans 

Titles Professor of physics 



• i - • • (v) . 1 . -'3 • 1.1 Si * V 

t> _ ■»- ’>*’ • •'<» *r . .* * , -i. : ». ‘ r *• 

I • r ' ■ . • fc - : J -• . • w'j k—*-j •<*, xXM- - 

<: I * iltjt f-5f» r,$ r,f 

? • • ) •$ ** - t *»3 

.«• . . -t • * . •* j ■ *«•.£ • • • Ills r * j » **"* • 

I * i - > ? • . n Jvu. i j 

• t f -• 1 , J Ml* • • -1J ' <*ilT7 ' i t 

• *T • • ■ .* >• • • . • < • . -. *5 ' ,7 r ^ ! 

-t < i ... --•••: x i ’ 4 • i ./ 

-u ’ »«!’#« (f) io .*1 Ifc-oJ*. . i 

. * r . v * - ' x* ; r- » •' n S J i!B r»*_. / »t lf» ..'*• • 

i • ' * V> ! • VCTl* • ; v;ti -J 3 • ■••-•/...'••. su-.<i*-T 

•<* ;• * .•* • .i 1 -.*x >ni r‘ x ■ ^ c* !i *-**'*! io 

- ' ' - i> *>*M < *i Mitn 't < 

*j . T *uM . 3 ? >i< 4 ” • > .«?.• *A -Mc-i ’ 

»j ' ••.« •« • • 'T* * * r :% *f * •« * • ‘3 t 'tvv*r-'u 

. - i * • - . r ■ . l ) ' ' • , I * M r, n J > ,i ' .< *3 «..'t 



•. .> * f .z * ** r. {>♦ . 

.. 0 ll *. 4 w *• c 



jt*. th> T 

t • ?.* i 



%£ BLb OP CPMT. ? >TS 



Section I. Introduction, 

A, Ststeaent of Problem end Interest 

Therein 1 

B, Method* of Approach • * 3 

Section II. Theoretical Basi* for the Problem. 

A. Basic Considcrt tiona 5 

B. Average Energy of tho Secondary 

Electron* 11 

C. Theoretical Treatment of quantities 

to be Measured In the Scintillation 
Crystal 17 

D. Plural Scattering Correction 

Approximation P9 

E. Secondary Electron Leakage 34 



Section III. Experimental Equipment and Procedure. 

/. Initial Equipnent Configuration • • 40 

B. Final Equipment Configuration • • • 48 



Section IV. Experimental Results and Comparison 
with Theory. 

A. General Mathematical Procedure and 

Preliminary Results . 55 



.u .. . '.J_ 



. • 1 • * r * 

• • -■ • * 



e • •* 



• ... 






to 



■ • 1 •• * v - : ) » 



i ♦ » 



' 



. i • ? • • .* ' 

. * • ■ ' • • • •' 



»’ « 



* 



- • • 



* . Ji 






» ♦ * 



« - . ”• 






. * n - ** ’ 

* 



1 5i . i ■ • •.*-< - * w i 



M 



• • 



..... 



Section IV. (Continued). P.g go 

B. Average Secondary Electron Energy 

Results end Theory Correlation . • 63 

C, Attempt at Dosage Evaluation ... 09 

Section V, Summary end Recommendations. 

A. General Conclusions 73 

B. Recommendations for Future 

Investigations ..... 74 

Appendix A. Computation Methods for 07 cr, T , 

and K 77 

Appendix B. Calibration Curves and Secondary 

Electron Spectral Distributions • 84 

Bibliography ........ 99 



.VI ' * 



•; 






•- 'A • • * ' • • 

. . i -• J 



. . f : • * • - 

..... . . • .. . 

. 

. . • . LUj.'Ai 



* T 7D •, . . . i - ' r-. • < 



. ■ • - . • 









** 'O' •• t* • ! 4 « -vrf • i j . t • -«• 

, If ’ . I . t . • »- r i 



« V 1 . til 



u&x so. mm& 



FJLe.ttT.fS Ii£ju Title 

1 Theoretical dependence of See. Site. Av. 

Energy on E^. 

S Energy Level Diagrams of Interest. 

3 Block Bi&gresj of Initial Electronic Equipment* 

4 Circuit Diagram of fl Integra tor®. 

5 Block Diagram of Finn! Electronic Equipment. 



6 

7 

a 

9 

10 

A-l 

E-l 

B-E 

8-3 

B-4 

B-5 

B -6 

B-7 



Details of Scintillation Counter Construction. 

Bxper. end Theor. vs B (linear plot). 

Exper. end Theor. E^y vs (logarithmic plot). 
Prelim. Bate, on Cobelt-60 Secondary Electron 
Spactrua, 

Prellis. Bata on Mercury-P03 Secondary Electron 
Cpectrua. 

Theoroticrl H p n vs E^; Sodium Iodide and Anthracene. 
Calibration of Differential D is cr lain a tor. 
Representative Cesium-137 Conversion Lino. 

Secondary Electron Spectrum: 

Secondary Electron Spectmia: 

Secondary Electron Spectrum: Cs*"' - *; crystal con.* A* 

Secondary ' lectron Spectrum* 

Secondary Electron £ pec trues : 



I crystal eon. "A* 
crystal con.**" 

Ca^'^j crystal con. r R B 
GO 

Co j crystal con. R ft R . 



iuiL- - 



j LX1Z 

i . * . . - * 4 -i 

*. \ on ^ ■ ’ 

.t . - t •'*-*.* • • • ■ 

.♦ • »r-:.» \ 

. ■ ? ; • r u * ’ . . " T 13 I 

, i • - . w. . ' . • ‘ ' . i 9 

. l n •; ►- : .’.a.'J : .»/ 

. (. ol •«**/. ^ * v v*» 

. • • • • * * - -Otl) f l u * . 'O ♦ 14 . I • * 

o-. a i .t *•<.’*-' ♦ ■»■.• *• »;» ! «<ii . >T - % 

* ' rrr&i .*1 

*»*MP ■ •»•*' (Pljpij «t< - *»<? 01 

.»» *!>*• 1- 

*.«• fc-.f r | V * • . O k *4« O* ’ X4I 

7 *. ■ T*Vi * . ... It l 4 i-4 

: ■ *i*r . . 

« ' 4* . PM • * • f- •% | •. } w '.* %* .*c-» :> 0 • • ** * * — ’ - * 

. *. . -* / ' ;. . :• - - . . •• t •» ■> > . . '-3 

o 5 » ****.• :* VOv . iivilw«l2 ** ./Oi- • - 1 

,* •, » -T* ; j V i rvT«»«i* I- ' 

. i ■ • - ' c-3 e * - * ■ •• * • ? • ' 



B-8 


Secondary Electron Spectrum 


Co d0 j 


crystal 


con. R B* 


3-3 


Secondary Electron Spectrusj 


»* S4 
S« j 


crystal 


con.* A* 


B-10 


Secondary Electron Spectrum? 




crystal 


con,*B* 



8-11 Secondary Electron Spectrum Be; crystal con. "A*. 
8-l£ Secondary Electron Spectrum 8®} crystal con,*B R . 
B-13 Calibration of Keleket Dosimeter No. X-33SS. 

B-14 Correction Factor for Eeleket Dosimeter. 



t . * . r .... 

, . ' * 1 :>• *• - •> • 

, * . • : ' • . • • . 

ft - •• * ’ 2 ■ ' j * \ *mr v» *c* ' ■ • il- i 

-n . i . . t; - 

- . . . • i. ’ t. ' . .0 , *•* 

. ■ • • • •. j • . - 



I. INTRODUCTION 



a. or gEgfeian && l n%*x&tl .ifl&r& ln * 

All measurements of g&rota ray dosage have, for 
years, boon baaed on the air Ionisation chamber, for 
it can bo aiwply made and rather easily calibrated to 
read dosage in roentgens. Of course, there ere many 
survey instruments in current uso which ostensibly 
read dosage rate * but these sre usually counter tubes 
with output connected to an RC Integrating circuit so 
as to give a DC current roughly proportional to the 
intensity of the radiation incident thereon. These 
ore usually calibrated with the heterogeneous gamaa 
spectrum of a standard radium source end are therefore 
of little value in obtaining an accurate estimate of 
roentgen dosage for sources other then radium. 

A nore comprehensive treatment of the meaning of 
’’dosage* aakes the reason for the preceding statement 
obvious and is to be found in Section II-A-2. 

Many of the usual requirements of medic el and other 
research physics are incompatible with tho Inherent 
characteristics of ionization chambers. Resell sise ion 
chambers are desired in order that ’’good* geometry may 
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bo obtained, or that & quantitative measure of activity 
localised in » small exes, end the exact position of 
that small ares, be obtained. However, when i?e try to 
meet the swell sire requirements, wc find that the 
exposure tic© must be very long in order to pet en 
secure to reading of dosago end to obtain dosage rate 
therefrom* For example, the smell Yietoreeo chamber 
is a very convenient sire, but reads 3250 roentgens 
full scale. For tho usual tracer dose in medical 
physics where the dosage to be measured is of the order 
of 10 tsr/hr or less, it is clear that the length of 
time to obtain a reasonable seal© reeding is prohibitive. 
If one finds a chamber which has a reasonable scale, 
i.n., £00 ctr full scale or loss, the physical dinensions 
are apt to be ten tines larger than the area to be 
localized. 

Thus we see that a need exists for a small yet 
efficient instrument for dosage measurements. The use 
of n scintillation counter for this purpose rns suggested 
to the authors by Dr, Gerald J. Hint of the Radioactivity 
Center, X.I.T. , *nd with his advice and ©ncourog&eient, 
this investigation was begun. The smallness of the 
scintillation crystal would permit good ^localization" 
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of an activity, or its us# in a *£Ood R georetry 
experiment, while its density, which la many tines 
that of sir, would render much more efficient stapling 
of the radiation incident thereon, ^emitting aoro 
rapid neasuresumts of dosage and dosage r&to with 
brbII activities. 

Pecent authors^ have ettted that organic 
scintillators ’’should bo relatively fair-equivalent* * 
in the region above fOO Eev, i.o., the domain of moat 
g»c»» emitters. Wo che.ll shot? that th* statement is 
« is tier said than derionrtreted . The morning of the 
ter® *air-ec.uiv»lvnce" end ite significance for thie 
problem nre discussed in faction II. 

E. iothods of / purer ch . 

It would bo very convenient to have a coospcct 
instnment which would eauc© b needle to deflect an 
amount proportional to the dosage rote at the instrument 
probe* s position. Th© initial efforts of the authors 
wore along this lino, end led deeper and deeper into 
an electronic morass, until the electronic complications 
threatened to obscure the rhvslcr 1 principles involved 
in obtaining a dosage aecsureaont from a scintillator. 

It length it wes rather conclusively shown that the 
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electronic equipment under experimentation would never 
be able to do the job with an error satisfactory for 
research worfe. A comprehensive ©valuation of the 
circuitry Involved 1b presentod in Section XII-A. 

Therefore, in order to by-pas* the electronic 
difficulties and investigate the physical feasibility 
of dosimetry with a scintillation counter, the trouble- 
some part* of the electronic circuit wer© removed and 
replaced partly with other types of electronic equipment 
#»d partly with two human being*. Th© authors realise 
that this i* a bit far afield from the original desire 
for e *needl« deflection*. However, the determinations 
suede and results obtained ere basic to the problem. 

We shall leave the development of electronic circuitry 
to the electronic experts if the experimental physical 
determinations prove favorable to scintillation dosimetry 
the reader is referred to gectlon V for our conclusions. 

A complete discussion of the final equipment and its 
manner of operation is to be found in Section III-Bj 
while the results obtained therewith are to bo found 
in Section IV-A et seq. Before proceeding to tho 
experimental side, however, wo must review a considerable 
•mount of theory regarding the ga-saas ray interactions 
with Better. 
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II. THEORETICAL BASIS FOR THE PROBLEM 



a. Basic sgnfiA<l«s.Ugaa« 

1, Effect of Ceaesa Raya on Matter. 

In considering a problem involving the "dosage* 
due to gams* radiation, it is first necessary to review 
in general tho aocaaniams by which gasses interact 
with as tier and how these interactions pertain in 
particular to the problem at bend. First of ell, 
what is "dosage"? 

Physically speaking, the end result of all geaaa 
Interactions in jaatter is ionisation of the atcas 
therein. Physiologically speaking, the ionisation of 
»atter is a disruption of tho constituents of the 
natter and in it is contained the danger to health; 
in it is the aanlfestation of "dose’*. This ionization 
requires energy supply, and the gasasa been is the 
source thereof. The production of ion-pairs is not. 
however, in one-to-one correspondence with gatstaa- 
electron collisions ns one might naively think. Indeed 
a single g a rnraa- electron collision produces one ion-pair 
but the electron aeaber of the pair has e large energy, 
on the average roughly half that of the Incident gaaess 
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ray, or in the domain of thousands of electron-volts, 

Since the energy required for tho production of an ion- 
pair in ss&terial such as air or tissue is of the order 
of tens of electron- volts, the energetic electron 
resulting from a single garaaa-eleotron collision can 
and does produce ss&ny other ion-pairs, until its energy 
is fully expended. It in by this process, the step-by- 
step dissipation of the energy of the "socondary electrons” 
as the energetic follows arc termed, that the energy 
sbsorbed from the gewsn ray beam is translated into 
ionisation in tho material, 

S» The Roentgen, 

The "roentgen" is the unit of dosage, and expresses 
the measure of gssms ray effect on matter in terms of 
tho ionisation discussed sbove. A roentgen is defined^ 
as "that quantity of x- or gemma radiation such that 
the associated corpuscular emission per 0.G01P93 gra 
of air produces, in air, ions carrying one electrostatic 
unit of charge of electricity of cither sign". 

Tho corpuscular emissions referred to in the definition 

arc the "secondary electrons® of our terminology. The 

quantity of air is 1 cc of dry air at 0° C and 760 mm 

a 

Kg. Since 1 esu * P.082 * 10 ion-pairs, X roentgen 

Y *> 

produces 1.61 x 10 ion-pairs per grom of sir. If an 
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ray, or in the domain of tfcous&nds of electron-volts. 

Since the energy reo aired for the production of an ion- 
pair in materiel such as air or tissue Is of the order 
of tens of electron-volts, the energetic electron 
resulting from a single gamma-electron collision cm 
and does produce many other ion-pairs, until its energy 
is fully expended. It is by this process, the step-by- 
step dissipation of the energy of the * secondary electrons” 
as the energetic fellows arc termed, that the energy 
absorbed from the ge.nn#, ray beam is translated into 
ionisation in the material* 

2, The Roentgen. 

The "roentgen* is the unit of dos&ge, and expresses 
the measure of g*aa* ray effect on matter In terms of 
the ionisation discussed shove. A roentgen is defined^ 
as "that quantity of x- or gemma radiation such that 
the associated corpuscular emission per 0.001£93 gra 
of air produces, in air, ions carrying one electrostatic 
unit of charge of electricity of either sign®. 

The corpuscular emissions referred to in the definition 

arc the "secondary electrons® of our terminology. The 

quantity of air is 1 cc of dry air at 0° C and 760 tm 

g 

Hg. Since 1 osu * £.083 * 10 ion-pairs, 1 roentgen 
produces 1.61 x 10^ C ion-pairs per gross of air. If an 
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(4 E ) 

average of 3E*5 ©*v, Is expended v 1 ' then 1 r 
corresponds to J5.24 x 10' Mev/gis of air. We snail 
have occasion to refer to this number later* 

It should bo noted that dosage is independent of 
time, due to the definition of the dosage unit of 
roentgens; therefor© ganna ray dosage rates are given 
in roentgena/unit else; e*g*, nr/hr * mill iroent gems 
per hour. Also of importance Is the concept of dosage 
rote as a uo&aurc of ionisation intensity end not a 
measure of .a-mmr intensity, for the reasons dlsctisned 
above. 

3. Production of Secondary Electrons* 

The first process; encountered then in the production 
of dosage by gaaaa radiation is the production of the 
secondary electrons, here we encounter the well-known 
threefold process of importance in this problem by 
which ***** ray# interact with electrons in Matters 
(&) Compton collisions, (b) photoelectric effect and 
(c) pair production, be have referred above to g&euna- 
eloctron collisions, & tora which is descriptive but 
not essentially true except for (a) . In the Co*pton 
process, the gears a photon aay be considered as a 
relativistic "cue ball" colliding with a free object 
ball at rest, witn the usual consequences of billisrd 
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ball collisions; l.e., transfer of energy with 
conservation of total msse-cnergy and momentum. In 
the photo-effect, the gamma may bo considered as 
being swallowed whole by an atom, which then usually 
relieves Itself by disgorging an electron with energy 
equel to that of the game* ray minus the electronic 
binding energy. In pair production, an interaction 
explainable only in quantum terns occurs, in which a 
gemma ray, finding itself in the intense fields in 
the immediate vicinity of & nucleus, becomes so confused 
that it commits quantum suicide and is reincarnated os 
e positron-electron pair, which share an amount of 
energy equal to that of the gamma ray minus the rest 
energy of those particles (1.0? Sev) • 

£11 three of the above effects can and will occur 
in oil materials, end (except for pair production with 
its aaas-energy threshold of £ * 1#G£ Msv) env 

energy gsmaa ray. happily, it frequently happens that 
one effect predominates to the near exclusion of the 
others, when one considers • particular material and 
e particular range of gaasrn energies. For example, 
for low gamma energies. In the dome in less then 100 
Rev for materials of moderrte to high atomic number. 



the photoelectric effect predominates. For high gemma 
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energies, aoy above 5 Mov, end for high atomic number 
material, pair production predominates. Finally, for 
the great middle range of ganaMt energies and for materials 
of low atomic nuaber such ns air and tissue, tho Compton 
effect predominates. 

4 . Secondary Electron Interactions, 

Having seen in general how the energetic secondary 
electrons are produced, lot us see how they produce the 
ionise tion, i.e., tho real ’'dosage”. At this point 
cor.es the basic stumbling block; in our problem. In air, 
(that is, in the medium for which dosage units are 
defined) the energy of the secondary electrons is con- 
verted into ionisation by a series of ”8011 billiard 
ball" collisions. That is, the cue ball (secondary 
electron) loses a little bit of its energy in each 
ionising collision with a uolecule, until it la all gone, 
after which we have a ®ediua filled with ions, positive 
or negative, floating around. In cn ionisation chamber, 
the collecting electrodes then remove the charged particles . 
If no electrodes are present, recombination very shortly 
occurs. The total number of ion-pairs is proportional 
to tho energy of tho secondary electrons, since as pointed 
out above, the energy required for production of an ion- 
pair is roughly constant at about 3 '. 5 e. v./ion-pair. 
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For this reason, on*? ctm <t&kc an air ionization 
cheater which collects the ion-pairs formed, measures 
their total charge end therefore hen a measure of dosage . 

In n scintillation crystal, however, one does not 
collect any charge and neasure it* Indeed, the mechanism 
of the scintillator is complicated and has not been 
fully investigated ^ . Suffice it to cny that the 
Ionisation which secondary electrons produce in the 
crystal causes a flash of visible light (or in the near 
ultraviolet range) , which, in enthrccene, has been 
shown to produce a photomultiplier voltage pulse pro- 
portional in amplitude to tho energy of tho secondary 
electron initiating it K Thus we see that the 
Hn<»l effect of ga»»« irradiation of a scintillator is 
entirely different from tho effect in air, in terms of 
which dosage ia defined. Nevertheless, if we can obtain 
« measure of the light intensity by tho volt?*go pulsos 
it produces, we hove » neaeur* of the rate of energy 
absorption from the gemma ray into tho secondary electrons. 
If then the energy spectrum of the secondary electrons 
produced jja tho scintillator is tho same as, or 
fapprorinotos tho energy spectrum of the secondary 
electrons produced in ?lr . wo have a measure of the 
"dosage" which the sano ga-stan intensity would produce 
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on a cc of air fit the scintillator^ position, for 
tk« ionisation produced in sir is alao proportional to 
secondary electron energy. There arc, of course, a 
f e» complications, which will bo considered in due 
course of this paper. 

We shall see later how one go os about measuring 
the number and amplitude of the pulses duo to the light 
flashes end obtains a Measure of dosage therefrom. 
Before that, there is a criterion to be spplied which 
determines the type of scintillator appropriate for the 
stated purpose. 



h. 
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I. delation of Average ..^nergy of Secondary Electrons 
to Dosage. 

Since the energy of the secondary electrons produced 
by tea photons in the scintillator is reluted to the 
energy absorbed from the gum me beam end thus to the 
dosage. It is of interest to calculate the variation 
in the average secondary electron energy produced in 
a given arterial by the variation of gamma energy. 

Because dosage is defined in terms of charge produced 
in air, we will determine tail variation for air, 
antnrtcene, and sodium iodide. The choice of anthracene 
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and eoaiuta iodide crystals. for tula determination is 
dictated by the fact that these are the two crystals 
so st used in scintillation counting today} anthracene, 
tn© organic typej so&Xum iodide, the inorganic type. 
Anthracene being e hydrocarbon, one would expect that 
it would be Pair-equivalent*; that is to sty, over the 
range froa 0.1 Mev to 10 Mev one would expect that the 
Coapton effect greatly predominates over fcho photoelectric 
effect end pair production in materials of low atocic 
number. K or such a condition, it will ba shown thfet 
tho average secondary electron energies are identical 
for the materials satisfying it. Conversely, since 
sodium iodide is inorganic and contains elements of 
moderate atonic number, one would expect such a crystal 
to be R air-equiv»lent H only over a much reduced range 
or not at ell. it is anticipated that aodlus iodide 
will be inherently unsuitable for gais»a ray doslaetry 
because of its lack of Pair-equivalence*. 

2 . Formula for Average Energy of becondary Electrons. 

How then does one find the average energy of the 
secondary electrons? *e shell consider first that the 
gatsem energy is e continuous variable, producing secondary 
electrons in e small thicimess. Pro® such « determination 
wo shell later show how en effective average soccnaary 
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electron energy can be obtained for a particular source 
and finite crystal thickness. 

Let ® * gjurna ray energy in Kev. 

n * number of phofcons/c® -sec of energy s 
incident on materiel considered, 

A * effective area of incidence (c«'). 

CT m total Coapton cross section in ewVelectron, 

<T 9 Conn ton absorption cross section in 
ca /electron, 

CT~ * Compton linear attenuation coefficient 
in cm 

07 * Compton linerr absorption coefficient in 

Z\ 

era" 1 . 

T * photoelectric linear attenuation coefficient 

4 -1 

in era , 

K * pair production linear attenuation 
coefficient In or" 1 . 

p m total linear attenuation coefficient In 
cm " 1 

* cr + 'T + ft. 

«i # " linear absorption coefficient in era" 1 
a O' 4- Y ♦ ft . 

W « binding energy of "K" electron. 

Then the energy/ooe absorbed in a thickness l\x ^ ^ * the 

total energy/sec of the secondary electrons * 
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a* » mam [cr a B Y ♦ r (% - w) + K(r, f - (h-b-i) 

•rfhero Sti^c ’ s* energy equivalent of & electron rest 
masses. Lot tho nu.ibar of sac ond&ry electrons produced 
par soc =» Sj then 

M * nAdx( tT ♦ 'T' + K) * pnAdx (Il-B-Jg) 

rhorafore tho avorago electron energy is 





<T,Sy ♦ T (By - «) ♦ H(E v 

cr + T + K 



1.02 Me?) 

" 1 (II-H-3) 



It is of interest to consider the magnitude of W 
for the materials of interest, remembering our Riniausa 
E v * 0.1 Mev. 
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1.07 Knv 
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3. Calculation of Attenuation and Absorption 
Coeff Ic loots. 

In order now to compute AV as o function of 1 
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for cacti material , on® must first find or compute values 
of < ^ e , ^ , ft • See Appendix A for these computations 
and the results. 

4. Coaments on Computed Secondary Electron 
Average Energy. 

Hoy having the required attenuation end ebsorption 

coefficients w© can return to formula (II-B-1) and 

compute E^ v for F.^ in the range 0.1 Mev to 10 Mev. The 

results of these computations aro displayed in Figure 1, 

Figure A-l, a plot of cooputed u over the rang© of 

interest is included for use with later theory requirements. 

Here we cee the t sntnrecen© is theoretically truly K »ir- 

equivalent" from O.f Mev to S Slov, while sodium iodide 

deviates widely from the air curve for E^ < 1 Uev. 9# 

note that even down to 0,1 &©v, anthracene is theoretically 

substantially "eir-equi valent* • 

From the above theoretical ociculetion, it was 

decided that sodium iodide and other inorgenlc crystals 

had average electron energies far greater than air for 

< 1 Uav, since the secondary electron energy for 

photoelectric absorption is B - W which is far greeter 
OT 07 

than qTI'y lo* energies, (for * 0.1 Mev, * 0.14) 

and would thus give too great a measure of dosage. Thus 

the remainder of our measurements end theory Is based on 
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Figure I 

THEORETICAL DEPENDENCE OF SECONDARY 
ELECTRON AVERAGE ENERGY ON 
PRIMARY GAMMA -RAY ENERGY 
for Air, Anthracene and Sodium Iodide 

showing the "air- equivalence" of 
anthracene over a large range 
of gamma energies. 
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Note that anthracene curve 
coincides with air curve except 
below 0.2 Mev os shown, and 
obove 8 Mev where it coincides 
with the Nol curve 
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the us# of aathrec #n« as si scintillator* 

Since we will be dealing with «nthr*c*nt from 
her# on, and with 0*1 lev < < 6 fcev, we can oak# 

an obvious s iapi if 1 cation of formulas (II-B-1) end 
(ll-B-3) * For carbon and hydrogen, W is negligible) 
also no prir production is observable* Tharefore, 
those equations become 



E t * nAdx( 0" ft +T)E « njA^B^dx 
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(II-B-4) 



(II-B-5) 



C. Theoretical. Ijcofifessat of Cuan titles to be Measured 

in J&£ reiniiliaXAaa Cxi-sif-l* 

1. /tversge Electron Fnergy Clgnific&nco. 
re have aeon that the absorption of energy from the 
gaaaa beaai in the crystal results in the production of 
secondary electrons. We have also seen that each such 
electron gives a pulse of light which produces a volt&go 
pulse proportional in amplitude to the electron energy. 
As will bo shorn in Section IV-A we can then obtain 
(i) a quantity expressing the total amount of energy 
per unit time received by the electrons in the crystal 
fross the gesaaa ray, i.c., the rat# of energy absorption 
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in the crystal; and (*) a ueccur© of the total number 
of electrons energised per unit time. Ostensibly, 
dividing (1) by (£) should give us a ace sure of the 
secondary electron average energy, for comparison with 
the theoretical curve obtained in B above (Fig, 1) ; 
while (1) , since it represents th© energy absorbed from 
the gtuaa boats, should be a neesuro of dosage end related 
to the ♦‘air-dose” in roentgens. That these conclusions 
ere not quite so simple and direct but subject to aodlfl- 
cation in throng. disregarding experimental difficulties, 
is the purpose of this and the following division* in 
Section II. (Authors * no to t Isa&odi&toly after the 
following theory was evolved, part I of s paper by 
ffcitcher was published, dealing with a very similar 

situation in liquid*. Unfortunately, part II of the 
paper is to contain the calculations of interest end 
will not be available until after Kajr 16, 1351. Attention 
is invited thereto when available.) 

£. Relation between I,y end Dosage. 

To begin with, let us at suet a thet each ig»rm& photon 
has only one interaction in the crystal. The consequences 
of multiple interactions ere considered later in Section 
II-B. Kow from Lection II-S r& have the equation* 

Total secondary electron energy/unit tlae produced in * 
thickness dx » 



Ey * nn^Eyfedx 



(II-B-4) 
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Total number of secondary electrons produead/unit time 
in dx * 



8 * nji/ dx 



(II-R-r) 



For the moment we shall treat E as single valued} i.e., 
a nonocnergic sourco is being used: 

'Tlrt E 

’ ‘ If the crystal is very thin , then n is 

constant end *= n Q , the number of photons/ 
r 

cffl -r.ec incident on crystal free. Obviously 
for this esse, 

h 58 V.V d (n-c-D 




Here E, 



(II-C-r) 

again and r»grea»ent should be obtained 



and N * n 0 i*Ad 
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with the curve of Section Il-b. 

i*lso, suppose that one used two different oonoergic 

sourcos E end £ , for which there were the corresponding 

Y 1 Y f 

quantities rt , p., end , p*, n . If £«, is truly 
°1 1 \ °2 ‘ 1 

s measure of roentgen dosage rate as would be recorded 

by en ion chamber as rates R^ and Rj., s»y, then the ratio 
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R~ 



n„ H„ E w 
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(II-C-3) 



Such e ratio holds strictly true for the ’’air-wall* 
ion chamber according to Evans and Rossi and Staub^ 7 ^ 
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since dose rate R » — ' in Mev/jain-gs air? end if we 
can satisfy the assumptions made to date then 




(II-C-4) 



2. Removal of Photons. 

The difficulty, however, lies in the assumptions. 

Let us first consider the effect of crystal thickness. 

The very advantage of the scintillation crystal is its 

increased efficiency? that is to say, it has many more 

gamma interactions than an equivalent volume of air. But 

if we increase the number of interactions, then n is not 

constant end equal to n Q but follows the usual "good* 

geometry attenuation law 

n * n e” 1 ** 
o 

Therefore, for a crystal of thickness d, 

d 

* J n o e“ W3 V a K Y Adx 

o 




(II-C-5) 
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These equations reduce to (lI-C-l) sni (II-C-£) 
of course in the limit of smstll pdj i.e., for £ small 
compered to the ’seen freei^ynth for scattering. 



tie not© that E^y 
and still equals r*K . 

r * 




is unchanged by 



this correction 



However 



the 



ratio 
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is no longer strictly 



true if (id is not << 1. That is 
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(II-C-7) 



and depending on crystal thickness and E v , we would not 
theoretically e?oect that our measurements would give the 
sene dosoge ratio as en air-wall ion chamber. The magnl- 
tudes of these corrections will be presented later and an 
evaluation of the expectation values obtained. 

3. Hon-nonoergicity. 

The second assumption, thot of nonoergie E^, is 
readily removable. We shell generalise our notation a bits 
bet * percent ebundence of i 1 gemma ray from J* source. 
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I w * energy of i Ul game ray l‘ro» sourca. 

Y J 1 

* total linear attenuation coefficient corresponding 
to • 

Y n 

a * linear absorption coefficient corresponding 



Mi 



to E . 
Y ji 



n rt * total nuaber of pho ton s/ ca^-s e c incident from 

°3 th 

3 source. 

V^ 1 2 th 

Then n * —rr * photons/cm -sec of 1 energy 

°3i 

incident, (II-C-8) 

and define I » Z (p,,K )/Zp«* (II-C-9) 
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An 

(For exeaple the two y*« fron Co w have abundances of 100 

rn 

percent c&ch and energies of 1.17, 1.33 Mov.) If Co w is 
5 th source considered, then 



n 



n 



o< - 



A C > ^A * {> J "V 

‘Ml °42 Y 



v> » A a . ll . . t .. I « 33 * x.£5 Mev. 
3 sx 



4 l 4 k 

Then for the i y fron the ,1 source. 
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and for th© aggregate bea® froa J| source. 
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Again integrating o\*er the crystal thickness we obtelm 
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f?e not? see that correction for non~»onosrgicity results 

in several changes in procedure* 

(») Eq. (II-C-1J?) can be written* 
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the value which would 



There we see that E„ a E,« , 

**|i * ¥ jl 

be picked off the curve of Figure 1, corresponds to R • 

t ji 

Therefore, in order to evaluate th© Intrinsic equivalence 

of anthracene to air by the *nost nearly correct" theory 

th 

available to date, we must commute E^y for the j aource 
from the curve, and compare it to the saeasured value. The 
value obtained will depend on crystal thickness d; wc shall 
see presently how violently. Also, one can compute a 
"partially corrected* F^y by omitting the terns in fi^d; 



which also gives an idea of the effectiveness of crystal 
thickness attenuation. As we shall see in Section IV, the 
experimental results nay then be compered with the "totally 
corrected" end "partially corrected* values. The theoretical 
values ©re presented in tabular fora in Table (II-C-1) 
and are presented in graphical fora along with the experi- 
mental results in Section IV, Figures 7 and 8, 
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d * 20 nm 


He' 03 


200 Kev 


72.1 Kov 


72.1 Kev 


72.1 Kev 


C. 134 


690 Kev 


£71,5 Kev 


265.9 Kev 


266.5 Kev 


Co 60 


1.25 JSev 


586. Kev 


584. Kev 


564. Kev 


H« 84 


2.07 lev 


1.109 Mev 


1.026 Mev 


1,057 Mev 


*Froa 


forsula (II-C-9). 
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From this table we see that the correction for 
crystal thickness causes only slight changes (<£ percent) 
in ell but th® sodium source, whose y energies ere 
separated widely. Figure 2 shows the decay scheme* end 
necessary details for the computations involved. Figure 
A-l (Appendix) furnishes the values of p required. It is 
interesting to note how much more important crystal thick- 
ness would have been for the sodium iodide crystal with 
its far larger values of n and rapid increase at low energy 
due to photo-effect. 
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(b) Returning now to our ratio of ^r-*, we see 
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rigorously since the correction for non-monoergicity applies 
equally well to the lon-chambcr l However, for pd not « 1, 
we will again have a difference in the observed ratio, and 
again, in theory alone, would not expect our measured 
dosage ratios to agree with those from the ion-chaaber# 

Accordingly, if the correction for pd is appreciable 
and our assumptions are reasonably correct, then our problem 
would seen insoltible. Hence, one must consider the theoretical 
magnitude of the expected deviation due to crystal thickness. 
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5.2 y Co 60 

■V7777777777 

n - \ P 0.31 Mev 

P 0.53 Mev 



^ 2. 63 min. Isomer 



V 

\ 



Mev 



Z 



^ 7777^7 



fT (12%) 



Y U7Mev 
100 % 



Bo 137 



77777/7/ 

Ni 60 



I5h No 24 
r- 



y 1.33 Mev 
100 % 



\ 



\ 



\ 



/3’l.39Mev 






38Mev 
100 % 



X2.758Mev 

100 % 



7777777, 



Mg 



24 



Note : Level seporotions schematic only ;no energy scaling attempted. 



Figure 2 

ENERGY LEVEL DIAGRAMS FOR RADIO NUCLIDES 
USED IN THIS INVESTIGATION. 

(Reference 1 "Nuclear Dota ", Not'l. Bureau of Standards Circ.499,1951) 



A table of the correction is of value, 

for if they differ for each source by only a small amount, 
on® might be able to assume a median value of the correction 
such that tiie true error over a given range would theoretically 
be expected to be less than s certain maximum within the 
limits of experimental error, 

, Considering average values of £ for the sources 

£4 

considered, except for the widely spread £* energies we 
obtain Table II-C-2. 
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Pros Table Il-C-ff, we see that It 4l possible to 



assume a "calibration f* ctor* in the middle of the range of 
values of the f actor ■ “ - * ■■■■ * ■- ) su C n that a certain percent 
accuracy can be expected. That is to say, if all experi- 
mental errors were zero, then If the dosage readings were 

*celibrsted« by dividing by the median ) factor, 

we would expect m certain percentage error for the several 
sources based solely on the theory developed to date* 

(a) for the 6 mm crystal; assuming a calibration 
factor * 0,970, we see that the sexism® error incurred for 
this range is about 1.4 percent. 

(b) for the fO mm crystal; assuming a calibration 
factor of 0.912 we can cover the whole range with a maximum 
error of 4.5 percent; or using 0,931 and eliminating the 

low end of the range we ctn obtain © n&xisvuia error of £.3 
percent. 

The velue or lack thereof of these considerations 
will be demonstrated in Section IV where theory and experi- 
mental results are compared. 

Before leaving the theoretical development, let us 
consider two effects briefly mentioned above; the effect 
of plural scattering, ‘ and the effect of the leakage of 
energetic electrons from the confines of the crystal prior 
to expending all their energy into light output. These 
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cannot be handled rigorously in an analytic a&nner, but a 
qualitative idea of their importance can be obtained by 
making some rather gross approximations. Sections i) and E 
do this job in so far ss the authors are able. 

D. Plural frC&titflXtolg Correction Approximation. 

1. Effects of Plural Scattering. 

The assumption has been made In the preceding theory 
that each photon suffers but one collision in the crystal. 

In possible justification of this assumption, let us examine 
more closely what it involves. To begin with, if © photon 
suffered another collision in the crystal, thus producing 
a second energetic electron and a corresponding output of 
light scintillation, it is clear that the resultant light 
from the second collision would not be a separate light 
pulse. The longest length of time possible between the two 
collisions in the thickest crystal is of the order of 

— ■ - '^ rP — ^HT 10 seconds while the resolving time of 
3 x 10 1J ca/sec 

anthracene is ^10 ~® sec^ ^ • Therefore the light fro® 
the second collision increases the intensity of the light 
scintillation due to the first collision, end the photo- 
multiplier contributes a pulse equal to that which it would 
have produced had the gamma lost in one collision all the 
energy that it lost in two collisions. Thus second collisions 
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do r,ot increase the total counting rate but will lncreas* 
the total eneriT y measured and thus increese the measured 
average energy of the secondary electrons end the computed 
dosage over that which would be exoected from the theory 
developed to date* Rote that if it should prove to be of 
importance only for the and the £0 mm crystal, then 

the low correction factor for this case in Table II-C-2 
would be effectively increased and the rang© of error 
assuming a "calibration* factor of somewhat greater than 
0*91?, say 0*931, could bo reduced (refer page 28), As 
will bo seen in Section IV, an increase in average electron 
energy was noted as the crystal thickness increased; it is 
she purpose of this section to show whether the Increase 
could or could not bo due to second gamma collisions and 
whether it must bo explained by another phenomenon; for 
instance, the leakage of energetic electrons from the 
crystal. 

£. Analysis of Plural Scattering. 

¥/« shall assume some conditions which should be 
nearly optimum for second collisions to contribute appreciably 
to the energy absorptions 

(a) Let n Q * number of photons/ cm*- sec incident 
on crystal, of area A* 

* their energy. 
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H * the* linear attenuation coefficient r.fc 




this E y . 

(b) Assuste ell primary collisions ore such 

thct the photons still go nearly in the 
forward direction# 

(e) Assume photons still have energy F. y and 

p does not chenge# 

Then the number of degraded photons produced in a. thickness 

dx is equal to the number of electrons produced in 

dx * npAdx fi*on foraula (11-S-t) , But. n •» n 0 ®"" U3C > therefore 

the number of degraded photons produced In dx is n’ = n 0 ©“ ;i3 VAdy: < 

Of these degreded photons, we know that ~ of the® 

will not have & collision between x end d, and therefore the 

fraction of the degraded photons which have a collision 

betweor*. x and 4 is jjl - e" 41 ^ “ x ^j # Theso are the photons 

which suffer *t least two collisions in the crystal. 

Accordingly, the total nussber of photons which suffer st 

least two collisions in the crystal is J n*!” 1 - *j) * 

o L - 

n |*A J e ~^ X (l “ “ *>)dx and the fractional nuaber of 

incident photons which suffer et least two collisions, is 

f-,/ 
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3. Conclusions Concerning Plural Scattering. 

How lat us consider the energy for which ji is 
largest, i.w., « 0.P80 Hew for with p * 0.143 era”*, 

and the longest crystal used, l.e., d * £ cm. This will 
give us the largest f which we will have to consider, 
since (i <,0.10 <w“* for ell other sources used. For this 
esse, under these assumptions, the fraction of all incident 
nhotons which suffer two collisions in the crystal is 



f w (x - *~°’ r86 ) - (O.r;ce)<r °** s0 

« 0.T49 - 0.E15 « 0.034 « 3*4 percent. 

But wo hsve chosen what we hope to be optimum 
assumptions for second collisions contributing to the 
energy absorption observed; vis: 

(a) If the degraded photons do not (as is the 
case for scao UO percent of then according to Davisson^) 
go nearly in the forward direction and (as is actually the 
cnee for most of then) their energy is lose because of the 
additional mount given to the electrons in the prissory 
collision, thenp, is greater; but from our geometry it Is 
seen that d’, the *in-cry*tal’’ dietetics regaining, ia 
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decreasing raoidly with increasing tmgle fro® the original 
direction; thus the product ^d* is nearly constant, and 
equal to t*d, so f would not be materially effected* 

(b) For those degraded photons which do not go 
nearly in the forward direction, since, as above, their 
energy is materially less than E^, the additional energy 
they could contribute in * second collision is less then 
they could have contributed in the primary collision, snd 
thus the f « 3.4 percent would be greater than the actual 
percent increase in the totr»l q^ertty due to second collisions. 

4 . Justification of Analysis. 

The true value of the percent increase in secondary 
electron energy due to second collisions would be extremely 
difficult to compute, if not impossible at the present stage 
of theoretical progress in the field of plural scattering, 
since we ere concerned with e medium of smell volume. It 
is felt that the above approxlucto analysis under gross 
assueptions provides a suitable overestimate of the increase 
in average and total secondary electron energy due to 
second collisions in the esse of Hg J radiation incident 
on the thick crystal, such that the true increase for this 
case is of the order of 3 percent or less. For the higher 
energy radiations for which p. decrease# to <0,1 caT*, end 
for the thin (6 me) crystal, the effect of second collisions 
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is therefore clearly Inconsequent lei, end for the limiting 
case considered, the effect is of such magnitude thet 
consideration of it Is problematical. 

E, llgflMiJMa LIftft£S2n 

1. Analysis. 

The final factor to be considered in the physical 
theory applicable to the problem is duo to the magnitude 
of the crystal dimensions in comparison to the maximum 
range of energetic electrons In anthracene. A few 
representative values applicable hero are calculated from 
Goodman ^ t 



m fc. n-K-i 



145 Kev 
500 Kev 
1000 Kev 



Hexiaum Fang© 
in Anthracene 

0.15 millimeters 



1.S8 millimeters 



3.44 ailliraetera 



1500 Kev 



6.£0 millimeters 



£000 Kev 



7.6 millimeters 



£500 Rev 



9.0 millimeter* 



£750 Kev 



11.0 millimeters 



The maximum energy obtainable by the electrons by 
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Cospton collision® is given by the well-known formula 



(19) 



E nax * t 7 0.51 



(11-E-l) 



the maxlaua energies of secondary electrons from 
the various source* ere: 





a/JBUL «=£=£ 




Source 


E 

y nay 


E 

raex 

( secondary electron) 


H* M3 


F 80 Kev 


146 Kev 


Cs 134 


794 Kev* 


600 Kev 


CO* 0 


1.33 Uev 


1.115 Hev 


K. s * 


£.76 Mev 


£.55?» Uev 



*C8*^ 4 hes a 1.35 Mev ganssa rey but of only B percent 
abundanco. 

Comparison of these two tobies with the dimensions 
of the two crystals brings out a few interesting points. 

(a) 6 sja crystal - cross section io a circle 

30 am in diameter. For thi* case, the rainimua distance of 
travel for the secondary electrons is forward, which is the 
direction of the most energetic ones (head-on collision 
type) • Since the electrons are produced ell through the 
crystal, It is obvious that for the cobalt source end higher 
energies, an appreciable percentage of energetic electrons 
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will pfesa out of the scintillator before expanding ell 
tholr energy in light production, such percentage increasing 
with energy. 

(b) £0 ma crystal - cross section is a rectangle 

10 am by £0 na. For this case the forward direction is the 
longest dimension of the crystal, and If we consider first 
only those electrons in the forward direction, then the 

leakage described above should only be important for the 

£4 

highest energy, i.#., He , and should be legs then for 
tho 8 ma crystal. However, this crystal has a narrow 
horizontal dissension, such that many electrons not, cults in 
the forward direction, but enough forward that they have 
consider able energy, will leak out the side faces before 
contributing all their energy to light. This is enhanced 
by the fact that the gemaa bean is not truly parallel, due 
to the finite »ource-to«crystal distance (which was kept 
st least 10 times crystal dimensions) but diverges slightly, 
such that the nost energetic electrons if produced near a 
side face, would be p aiacd* to go out of the crystal. This 
effect would bo negligible in the thin crystal due to its 
cross section. 

&. Effect of leakage, 

Since tho effects mentioned above would tend to 
decrease the energy converted Into light end measured, one 
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would exnect a decree 00 below the theoretical values 
feotn of end E^, ("dosage") due to this cause, in 
opposition to the increase expected due to plural 
scattering (Section II-D) , Further, it would be expected 
to have sore effect in the thin crystal then the thick, and 
to be of most concern for the higher energy gasasa rays. 

3 . Solution to Leakage Problem. 

A theoretical configuration to correct some of these 
ills suggested Itself near the end of our experimentation. 
If one enclosed the crystal in a box of material of about 
the same density and composition of anthracene, say lucite 
for exanple, two effects could occur 1 

Juc.rz (a) end (b) On the average, for a number 
of electrons which leek out of the bottom 
of the crystal (r>) producing s light pulse 
indicating an energy snnllor than it 
actually had, there is t corresponding 

/ * 

crystal number (b) leaking Jji from the lucito tep 

end producing a light pulse corresponding 
to the root of the energy. Note fchet those two light pulse 
distributions are both random, therefore coincidence would 
be rare, and we would ba increasing the number of pulses 
of low energy, thus decreasing the average electron energy 
measured, but increasing the dosego measured (since .now 
little or non© is relatively lost). 
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(c) For electrons tending to stray out of the 
crystal sices , the dense lucite has nearly as much 
probability of scattering them bfeck into the scintillator 
ss scatter ink then further away, since the angle of 
incidence at the interface is small* This would not increase 
tho nuabor of pulses, since the sane electron continues to 
produce the light pulse, haring lost only a littlo energy 

in the lucite, but it would increase the amplitude of the 

light pulse over what it would be if the lucite were absent, 

thus reducing the effect of 1(b) above* 

It should be noted that lucite on the bottom of the 

crystal has little effect since backscattoring is snail 

( r4) 

for all energies'- ' • 

(d) It is impractical to try to decide, on the 
theoretical basis which of the effects (a) and (b) or (c) 
will bo of greater importance, if either will. Section IV 
will show tho result of an attempt to investigate this 
matter experinen tally. It appears that in any event, at 
least 50 percent of the electrons which tried to get out of 
the sides would succeed, even with lucite " guard rails”, so 
that expcrinent&l values below the theoretical should not 
be viewed with alarm* On the other hand, only the small 
effect of Section II-D would cause a value greater than 
the theoretical, so an appreciable excess above the 
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theoretics! volu® would certainly be indicative of e 
ac^or defect. 

4. Conclusion of Theory. 

This concludes the theoretical aspect of the problem 
in ell the details which have been considered of »et4<>F 
iasportance by the authors. The next section deals with 
the equipment used in the experinent, end the following 
section will conpcro the results obtained with the theory 
evolved in the five divisions of this section. 



III. EXPERIMENTAL EC<15 IPj4E??T AND PROCEDURE 



A. Initial fiLUlnacnj Cflaflgyjr-ftUon . 

The first approach to preset ting the output of the 
crystsl-pbotoraultiplier tube combination in toms suitable 
for evaluating Its relation to dosage was to use the circuits 
of Figures 3 end 4. All of these components ere standard 
units except the ’’integrating” circuit (Figure 4) . This 
circuit’s principle of operation is mentioned in reference 
(19), page £50. $hen it is operated ns a counting rate 
meter, a one-shot multivibrator is pieced in front of the 
’’integrator” so that each count appears as a nearly square 
pulse, constant in amplitude. Under these conditions one 
csn meet the requirements 

^ » T > SR^ (III-A-1) 

E » V > Rg (III-A-F) 

Cg > C x (III-A-3) 

which are necessary for accurate operation of the circuit. 

In the above equations the nomenclature Is defined in 
Figure 4. Since the detailed operation of this circuit as 
a counting rat® meter is nowhere completely treated, it is 
felt worth while here to describe its operation in soae 
detail* Referring to Figure 4, suppose a pulse of amplitude 
E volts appears at the input. In accordance with equation 
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PHOTOMULTIPLIER ^ CATHODE ^ MODEL IOO INTEGRATING 

TUBE * FOLLOWER * AMPLIFIER CIRCUIT 
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FROM PHOTOMULTIPLIER TUBE 
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CIRCUIT DIAGRAM OF THE INTEGRATOR 



(III-A-1) , will be charged to th« peak value (S - V) . 

Sine# Cg» an amount of charge proportional to (S - V) 

(or to B If B » V) will ©Iso bo placed on C,, through T-J? 
during T. It should be noted that T-3 snd its associated 
circuitry serves only to increase the apparent sir.® of C^, 

At the ond of the pulse T-£ no longer ccndxicts while T~1 
provides a path for the charge cn to discharge to ground, 
thus returning point a to voltage (soae smell negative 
voltage), Thus for each count a constant amount of charge 
is placed on C * which then gradually leaks off through 
with time constant R„C,> providing a smoothing action on 
voltage V. Thus V is a stable indication proportional to 
the counting rate. For further details on counting rate 
meters and their statistics see references (IS) and (£0), 

In the present problem the application of this 
circuit, though superficially quit© similar to that of the 
counting rate meter, is somewhat different. To got a 
measure of energy absorbed by the secondary electrons in 
the crystal one must sum over all pulse amplitudes, which 
are proportional to the energy of the electron causing the 
pulse^'^ and over the number of pulses. Since, in theory, 
if the pulses are fed from th® photomultiplier (after 
suitable amplification and clipping) directly to the 
* Integra tor* each pulse should deposit a charge on C f 
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proportional to (E - V) or K if E » Y. How, sine* 

Y * Bit} jjR j. or aC^ER^ 1 ^, this voltage, V, should be 
proportional to the total oner gy per unit time of the 
secondary electrons in the crystals. Referring to Section 
II-B we see th& t thia corresponds to fornula (XI-B-4), in 
that Sj <X 

Unhappily, there are factors at work which atf.ke this 
circuit quite unsuitable. Extensive time was devoted to 
showing experimentally that tais was indeed true. It is 
also easy to show theoretically. 

The first difficulty crises in tbrt the spectra of 
pulses used as input to this circuit range in magnitude 
froa some very snail value up to a maximum determined by 
the energy of the gsaaie rays of the radioactive source being 
used end the amplification required. Thus over the lower 
portion of the spectra B nay be comparable with or even less 
then V. If E is comparable with V the charge going Into C„ 

Is now proportional to (B - V) . Thus, the smaller pulses 
will not be weighted enough according to their true amplitude* 
tf 1 < V the pulse will not be recorded at all. 

The second difficulty arises if there is any overshoot 
on the input pulse. If the overshoot goes more negative then 
g , then T-l will conduct, charging C x in such a moaner 
that point a will be left positive relative to ground when 
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f-1 stops conducting af ter the overshoot voltsge become* 
less negative than Eg. thus If the overshoot went negative 
greater then an amount (Eg + V) &n additional charge will 
be put on C £. though small in magnitude. 

There ero, then, two sources of error, one tending 
to decrease the meesured dosage while the other tends to 
increase it. Both of these errors t»«re observed in this 
equipment end after very extensive experimentation using 
both pulse generators and radioactive sources, it was con- 
cluded that the circuit could not be operated at a satisfactory 
level of accuracy for research on this problem. 

Since the amount of error introduced by oversnoot is 
very sensitive to Eg it was found that, for a particular 
spectrum. Eg could be adjusted to give a reasonable value, 
but if any other source with either s different differential 
pulse height distribution or maximum pulse height were used 
error, of course, again was introduced. Furthermore, it 
was necessary to *k now the answer to get the answer® by 
adjustment of Eg. 

It is possible, of course, to remove the overshoot 
in the pulse and still retain the amplitude] however this 
solves nothing since the error due to small values of I 
enters. This error, also, is a function of the differential 
pulse height distribution of the spectra used. 



s r>% ?!•<▼ • •> .•«* ■ • t> %•» art i- 

11 i*.vG . j M 

.»i* • .. . Hi' I i K* - d - s S - C^* • OACJ \.‘2 ■•'l • 

. .■ 1-(1 »r L ft* « . T ,U .• • J*. 

i ,*''«•* ' At* ir» Wi t .r:« **• *. 

• *'*J i* • ♦ ••••oo WtNtMM iu •« *. >i 

«i J *' *.n*u. .ij 4>-rs« too 1c *tJ«j ..'i • '*il 

r;U. . . ! 'J . Mil.taJt* T*1 T jJ Irtu J 

-**• V A.* .♦jt » .7/ . ']! 1 rVvl #t* . .* .;c*) 

r 2 ■■ •ir. •* >of, Mar*>» .ii- ot.H* • >.' l-.J m p:» 

il » r, 1 '. • . -r %3* -{A ,-v-i 

u »:•■ ••■•*o«rr — *.. ... -4,-< » t <1 tTi" 1© !ru*>**.* * 

- Vf ■ • •*■ * *74,11:. >i>v 

,4 f*r ••-• * . ] '•} ^*5. • Mil >3^1 ,•*. ooor* 

f %«<■»<•* ti r -tOl • • *» r > • ... •»• *> , ion** v» M 

■** • ?«. lad *%£#*) 

1,’ ,« iwt.mv: . oj ,M%oo 4 -TOYS' 

>f •to*io-i » • tw> <• » *. +««<« •••■> * tJ v mio'ii «■>* 

» : * '’ S'**'*^ >* 

r*cr»» »*•.* : • %'•••• O-* t Of»'C I * .;!»«* i .*1 

4 I J »*#•••. >. ;j:. ( ,4 uJ UtSOC illft tao IiUn «Ai ft I 

. >%..;•* . {. . rj ♦..IX, -,.J . mtT j . ),.) »o .-j .. *..vXOA 

:* • . . M o :■-• i. ..I * c: . 4 -.uy?o d.O .n 

, : • V ’ *U « 'I**. *i • • r i*u • 1:» 



iii e conclusion that this "integrating* principle is 
not sufficiently accurate for research purposes is **11 
borne out by Giesa and hurst ct Oak Hicg* who after much 
investigation evolved & very aosipiejc circuit^*' which was 
satisfactory for dosage indications; however, due to its 
complexity, it was exsr«aieiy difficult to keep the unit in 
routine operation. 

This discussion is not to be construed as concluding 
that this instrument cannot be made accurate enough to be 
ua#d for survey purposes or other more routine dosage measure- 
ments* It appears quite probable that on# could develop 
such en instrument, though its relative cost compared to 
common survey instruments would render its practicability 
questionable. 

b. Hail Efcqtei’iis 

1. Hew Approach to the Problem. 

Having experienced such difficulty with the equipment 
described above, it was decided to abandon further attempts 
in that general line in view of the length of time regaining 
to the authors at this institution, and to attack th© 
feasibility problem from the standpoint of physics with an 
entirely different approach. We have seen above that th© 
initial equipment was intended to average the product of 
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nuaber of electrons produced per unit time md the energy 
of ©ecli. The final equipment decided upon givee readings 
fras which this figure cui he calculated; thus, sc nemtioned 
in the introduction, the human being hen replaced part of 
the electronics. 

£• Description of the hew Approach, 

The final equipment ic shorn in block di Agnus in 
Figure 5. All of the parts cro standard Instruments 
aTfcilntla at this institution. An identical configuration 
has been and la being used by tr . «♦ J. Line in his gamma 
rty spoctroaoter studies with a sodium iodide crystal* ^ . 
Let us see what changes wore nade from the initial con- 
figuration and indicate the purpose of ccch component part* 
(r.) Uo change wr?s ®ade in the photomultiplier 
tube and mount, except for the obtaining of a "good" 5819 
tube known to have good resolution, which we will see is 
required in energy calibration for this nsethod. The high 
volt* go supply was the same cno, except that it was replaced 
late in the oxporinent by a more stable one, this change 
producing no effect in the results. All through the data 
runs on which our results are based, the high voltage supply 
to the photomultiplier was set at 740 volts. 

(b) In order to get a higher gain for the cncll 
pulses from the low energy source (lig' ") the preamplifier 
was changed from a cathode follower to a atRge of gain of 
©bout 10. 
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Note - See Section ID -B for Description of Operation. 



Figure 5 



BLOCK DIAGRAM OF FINAL ELECTRONIC EQUIPMENT 




(c) The Model 100 amplifier was unchanged, 
except that It was operated at lower gains for the higher 
energy sources, so that the output never exceeded 95 volts. 
Output voltages above 100 volts are unreliable due to the 
overloading of this type amplifier. 

(d) The output fro® the Model 100 was now led 
into a Model P10 single channel differential discriminator 
with window width of about P volts. The exact value of 
window width is of extreme importance and will be discussed 
later. The Model flO window position wcs controlled with 

s motor-driven rheostat which swept the ranges of 0-96 
volts in approximately cn hour and 10 minutes. This rheostat 
and its dial were carefully calibrated using % calibrated 
voltmeter, pulse generator with variable amplitude signal 
and Techtronlx synchroscope. The calibration curve is 
included in Appendix B as Figure B-l. It was found that 
discriminator did not work properly below a value of window 
center * $.6 volts, and all data tisken were begun at this 
minimum. 

(e) The output from the Model £10 discriminator 
was then fed into a Model Huber-* Counting Bate Meter, with 
internal calibration for scales of 5000 cp», 10,000 epo, 
£0,000 cpra, which were the only scales used. Before each 
run, the CRM wes carefully zeroed and ©ach scale calibrated 
on 3600 cpm (line 60 cycle AC) • 
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(f) Finally, the CRk output was displayed on 
an Ksteriine-Angus 5 taa recorder, with motor feed connected 
to the wo tor of the actor-driven dial so that stopping of 
discriminator rheostat motor also stopped. ^sterllne-Angus 
tap© feed* 

3. Mounting of Gmi&& Sources. 

The sources of gBta&a radiation were supported above 
the crystal using the usual laboratory stand with an extension 
crat so that the stand Heaters were at least 40 cm fro*a the 
vertical line between source and crystal, to minimize the 
effects of scattering by adjacent equipment. The sources 
were of various strengths uncalibr&ted except for the 4£8 

rtA 

pc Co and 904 pc of Ra. They were placed at various 
distances, which were measured to 40,5 as, such that 
convenient CRM scales were available. Those distances 
were recorded, end were reproducible in the ualn. 

4. Phototube Mounting, 

A word about the phototube mounting shown in Figure 
6 is next necessary. The voltage divider for supplying 
dynode voltage* is contained in the metal box containing 
the 5819 socket. 

The resistors ere arranged to give a 40 percent 
greater voltage rise froa cathode to first dynode than 
from dynode to dynode the rest of the way, other steps being 
equal. This arrangement provides better collection of 
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CRYSTAL CONFIGURATION "b" 




Figure 6 

DETAILS OF SCINTILLATION COUNTER CONSTRUCTION 



/ pv\ 

cathode emitted electrons and improves resoluble*' . A 
cardboard light shield Is pi” cod ovor the entire phototube 
erystal assembly, &»d over fell, a hi nek cloth Is droped. 

A lav background obtainable is considered proof that I ight- 
tightness is nearly perfect. Cardboard ness used in place 
of braes to winiaiae any * scat ter ing-in p of soft gassma rays 
from the light shield. It was also found that novn~ent of 
iron apparatus in the vicinity affected the output consider Ably, 
A Riu-netel shield was therefore installed r»s shorn in 
Figure 6 and magnetic effects disappeared, 

The crystal conf igurr.tions ♦'A* and "B* as shown in 
Figure C will be discussed later, 

5. Beta TAkon. 

«e shall outline in brief now whet data were obtained 
and what information can be obtains! therefro*. ”‘ith each 
source and crystal cenfigwration, s gain on the Model 100 
Amplifier was chosen such that the largest pulses from the 
crystal were just belo?: the maximum window height, A minute 
source (practically weightless polnt-nowrce) of Cs*^ 7 was 
used to calibrate tho window center voltage to kilovolts 
energy at this particular gain and phototube high voltage. 

This was done by placing the calibration source directly on 
top center of the anthracene crystal (which was covered with 
1/4 ail (1*7 sig/cm 2 ) aluminum foil) and observing the 
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position of the window center for the Ca^ 7 

electron peek (6£5 ?Cev line spectrum of e") * A representative 

peak ia shown in Figure B-E. This method has also been 

( 

used by other investigators' ** . It was determined experi- 
mentally that this thickness of aluminum foil caused no 
error in the energy calibration, since tripling the thickness 
of the foil caused no detectable shift in the position of 
the Cs*^ 7 peak. Then with calibration source removed and 
sample source in place on its stand, by letting the motor 
sween the discriminator rheostat through the range of energies 
of the particular spectrum, a curve of the ruin bar of pulses 
per energy interval (window width converted into Kev by 
Cs*^ 7 calibration being the energy interval and termed 
herein As) versus their energy at the center of the 
interval was obtained. That is, a curve of AF (cta/min) 
versus K(Kov) was the directly nlotteble output of the 
ecuinmenfc. Finally, for each spectrum, a run was made 
asns source to determine background to be subtracted. 

Now we aee that A?> the window width in Key, is 
of supreme importance where the absolute mnaber of counts 
in the entire spectrum ia desired, since an increase in £ 
causes an Increase in the ordinate (||^E) and when obtaining 
the integral counting rate by measuring the area under the 
curve and dividing by AE as is further explained in Section 
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IV, AE must be Emms to the accuracy desired in the 
integral counting rate. This ssejor difficulty, es will 
oe discussed, is S£i intrinsic fault of e differential 
discriminator since it is difficult to measure and even 
more difficult to keep constant or reset to the sane value 
when it drifts off due to the usual changes in a complicated 
multivibrator Instrument due to tube age, temperature, cad 
line voltage variations. It is th' for soiarco of error 
in our experiments regarding dosage, but Is of little or 
no importance in the msmmuramenta involving E^y, os shown 
in Section IV, Changes in Ai* T'cre observed to occur during 
several runs, but these **ero recognizable from experience 
and such runs were discarded anti repeated. 

How that we hare seen what trie final equipment was, 
and what quantity it measured, we shall spend Section IV in 
examining rha t knowledge can be extracted therefrom end how 
our results thus obtained compare with the theory evolved 
in lection II, 
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A. general Mathematical E taS.«toE9 PX.&MftJMXy. E&S&kStl* 

l. obtaining £ AV &m £a.?.s&£ Isom ^aae^agataj 

y«ft8UT*?a<fflt.S . 

We have seen In the preceding section that the directly 
plott&ble output of the find equipment ves vs E, 

in the previous notation. If now the ordinate of each 
point on the curve is aultiplied by its abscissa, we 
obtain a curve of E^|jrAE. In order to plot this on the 
asrse sheet a scele factor is usually used. All of the 
spectre shown in Appendix B (Figures 3-3 through S-1P) 
are of this type and on each is shown scale factor and 
window width (AE). 

Having plotted these curves, one next uses & planimeter 
and obtains the «ros under each one. Bach curve was 
planisetered at least 6 times and an average area used 
in farther computations. The accuracy of this operation 
was better then 1 percent. 

Thus we have two areas t 
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That Is, (a) ts the total number of counts/ainute 
In the saectrua multiplied by the window width in Kev; and 
(b) is the total energy absorption by secondary electrons 
measured in the crystal multiplied by the window width in 
Kev. If now we divide (b) by (a) we obtain the average 
secondary electron energy, and notice that is is independent 
of AE: 



However, if we are interested in the dosage, which is in 
turn related to the total energy absorbed by tho secondary 
electrons, we find that we must know AH accurately. 

It should bo noted that the integration carried out 
was from ?ero to B v Since this required a somewhat 



arbitrary extrapolation of each curve to zero, the area 
under the extrapolated curves and tho eres under the 
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unextrepolated curves was measured. The figures for 
both are plotted in Figures 7 fend 8 and it is seen 
froa Figure 8 that the extrapolation gives a point which 
is lower by a constant percentage. Thus, for ease in 
comparison, only tho unoxtr&polated curve areas are con- 
sidered hereafter, in that they involve no arbitrary 
extrapolation assumptions. 

P.eturalng now to (b), and assuming we know An in 
Kev exactly, va so© that we have seasured tho total energy 
of the secondary electrons per minute; l.e., tho rate of 
energy absorption of the whole crystal from tho gorams 
beam. How then can we convert this to * dosage? to 
begin with, it is necessary to know the mass of crystal 
in which the absorption occurred. The crystals ere 
therefore weighed* 

Thin ( 6 nsa crystal) * 5. Of 3 gas. 

Thick (£0 an crystal) * 8.090 gats. 

Thus we obtain the energy absorption rate in terms of 
Ilev/min-gm anthrsceno. But the roentgen can be expressed 
as 5. £4 x 10 Mev/gra-oir. Since we expect from Figure X 
that Compton effect predominates in the range considered, 
the only difference between air and anthracene lies in 
the number of scattering centers per gram; that Is, the 
number of electrons per grera, which was computed In 
Appendix At 
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n ® 3*007 x 10*^ electron*/ gxt air 
n * 3.13 x 10 ? 2 electron*/ gr» anthracene. 

Thus by multiplying our energy absorption rat® In 

7 

Uev/ain-g* anthracene by and dividing by y " 

we cen obtain dosage re to in roentgens per aiautsj or more 
conveniently by a time correction, in milliracntgens per 
hour. 

It must be remembered thtt we assumed that AS wo* 
known exactly. This assumption is not experimentally 
valid as lies been mentioned in Section III-Bj the result 
of its variation from run to run will be shown lft ter in 
this section. 

Tho possible correction for crystal thickness 
mentioned in Section II-C has not been made at this point. 
Refer to Section IV-C for tho experimental merit thereof. 

©4 

It should finally b® noted that tho decay of Ha 
(T^y, * 15 hrs) during the 1 hour runs was accounted for 
by correcting tho observed counting rate* prior to plotting. 

C. Preliminary Results and Selection of Crystal 
Configurations. 

Before proceeding with measurements with ell sources, 
it was desired first to coo the pros* effects of crystal 
configuration change with different conditions, such as 
length of light pipe, thickness of crystal. Incite plate 
or. top of crystal and type of reflector. Many run* were 
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made with the cobalt and mercury source*, under taany 
configuration changes, and evaluation of them was made 
by comparison oi* spectr&l £h*p««, »• will not bore the 

reader with. «iiU 4 »r*>tica of all these rune. The important 
effects uoted arc shewn in Figures 9 and 10. In general, 
it was discovered that: 

(a) home light pipe was advantageous in that 

the light was cistribu tod u ore evenly over t;. • photo cathode 
though length of light pipe wes not an important factor. 

Tae light pipe also facilitated fitting the crystals to 
the curved top of the photomultiplier tube, 

(b) A 1/4 mil (0.000*5 in) aluminum foil 
reflector in smooth contact with all top ©nd aide crystal 
faces was very satisfactory, 

(c) Figures 9 and 10 show that the spectral 
shape from cobalt was little affected by crystal thickness, 
while the mercury spectrum was more peaked for the thin 
crystal. In order to bo euro that the geometry, and not 
tne different crystal , was responsible for this difference, 
a run was iaade with the thick crystal on its side, with 
the 10 mm dimension vertically oriented. As Figure 10 
clearly sno^a, the geometry was the cause of spectral shape 
change. 
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^ AE in counts/minute 
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PRELIMINARY DATA ON MERCURY - 203 
SECONDARY ELECTRON SPECTRUM 

Showing change in basic "shape" of spec- 
trum with change in crystal thickness. 



20 mm crystol 

20 mm crystol with 5 mm lucite 
on top thereof 

5 mm crystal [the thickness (20 

mm) crystal lying on side] 

6 mm crystal on f lucite light pipe 




40 80 120 160 200 

E = Secondary Electron Energy in Kev 
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(d) Finally see that the Incite piste stop 
the thick crystal mad* no difference to either spectrum. 

Therefore, in order to obts lr; results chiefly 
dependent upon crystal thickness, the obviously most 
important variable, configuration* */** and B B W 'rare chosen 
(Figure 6) , with involving the & vm crystal, «B n involving 
the HO 133 crystal, Ar> a last <Se terrains t ion, occasioned by 
the results with n A r and W B», another ran »: -jmde with 
sodium using M B B enclosed in ft 13 thick Incite box. 

This conf igurstion is not; sho wn; the results are described 
below. The results of all runs on and *B* si*e included 
in Figures S~3 through B-lt. 

A point of general interest, before proceeding with 
specific results, is tho general eiiape of all spectra. One 
should note that the largo number of siai^ll pulses is not 
due to background or noils® since each curve he a been 
corrected therefor. The tailing off at high energies i» 
due to phototube resolution and the statistical variation 

of erjsicrion from the photo cathode, r.s it. borne out by 

137 

the shape of the Ca conversion electron "line 0 . Figure 
B-f. The curves showing. the greatest difference in cpoctrr 
between configurations tf / ! * and * f B fi are thonc for codius, 
where wo see that tho thicker crystal gave a nuch higher 
value at tho high end of the spectrum. Finally, 
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the peak Is t erased a "Compton Peak" and corresponds to 
the most probable energy obtained in Compton collisions; 
tpialitetively, it appears where it should be, somewhat 
below the maximum energy of Conpton electrons as computed 
by formula (II-E-1) • 



B. /verer.* Secondary , ? ^.,fiCtyoa, jasCfc.t. aegkltg M2. Ih&2IZ 
Correlation* 

1. Presentation of Besultsu 

The tabulation of Table II-C-1 is reposted here, with 
experiments! values added. These data are also displayed 
in Figures V and 8, in which the logarithmic plot is 
included to show the relative deviation of the points from 
tho theoretical curve. 
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The experiments! value* te b«l* ted rre from the 



un ex trend ft ted curve? **r vpg rent toned in IV-A-1. Ir. 

g/ 

addition to the drtr ’"lotted above, another Hr source 
tea obtained, which hepoenod to be stronger than the 
source for which values era tabulated in Table IV-B-1, 
arid had to be placed at three tiros the previous distance 
used for nodiun. This source was run on conf igtiraticn 



*£* end on *8-1*, the letter being "B” encased In a Incite 
box (l! m thick) on sides end top, seeking the effect 
mentioned in XI-E-2(c) • The spectral curves for these 
runs arc not included since they err ear nearly the same 
as Figwrcs J*-0 and B-10. The values of B^y and dosage 
obtained fron then, he rover, differ spr-reoinbly. feta 



obtained: 



gpnIl^iriLtlnn £ AV 



eps* 

f»p_' i « 



708 Kev 

071 rev 



The increase In Fjy for B B r over that shorn in 
Table XV-P-1 is attributable to the change in distance, 
since by Section II-E, the leakage would be less with & 



wore parallel gennr bor»j i.e., for the greeter distance. 
The cisxiituia divergence of the hern fron the vertical ret 
P,9° for the shorter distance end only 0,95° for the 



longer distance. Accordingly, for compering the effect 
cf the lucite box (B-l) to the curlier sodium deto 
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COMPARISON OF EXPERIMENTAL AND THEORETICAL | 
AVERAGE SECONDARY ELECTRON ENERGIES 
(Linear Plot) 
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Crystal thickness 
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o - Unextrapolated Spectra J 6 mm 
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Ea V = Secondary Electron Energy in Mev 



Figure 8 

COMPARISON OF EXPERIMENTAL AND THEORETICAL 
AVERAGE SECONDARY ELECTRON ENERGIES 
( Logarithmic Plot) 

Only corrected for >1 Gamma Energy 
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(which are plotted in Figures 7 end 8) , E^y for p B-l” 
was corrected to that distance with » linear approximation 
and plotted as 971 x * 900 K«v. 

The values of for Ra are obtained by fitting 
the Egy points obtained to the curve connecting the 
corresponding points for the other sources. Consent on 
the value of E y obtained for fin will be reserved for 
Section V. 



f, Interpretation and Evaluation. 

A nu»ber of very interesting results are obtainable 
from a close inspection of Figures 7 and 8. Figure 8 is 
probably of sore value, since its logarithmic ordinate 
scale presents constant ratios or percent difference as 
constant distances. These points ere enumerated for 
clarity and easy reference: 

(a) First , we note that all measured F^y arc 
below the theoretical values. This is in agreement with 
Section II-E~3(d) page 38, and substantiate® the belief 
that plural scattering was of little importance in our 
crystals. 



(b) f econdlv . all of the values for the thick 
crystal are above those for the thin crystal. This is 
t»» predicted in II-E-2, page 36. Of course, this conclusion 
i® tho result of one measurement on each configuration 
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for eacn of 5 sources, end there is a finite chance that 



this could be a coincidence. However, if we considered 
that there should b® equal values for thick end thin 
crystal and that probability end randoaness were the 
cause of one being higher then the other, then the chance 
of ell of the thick crystal values being greeter then the 

•» 8 i 

thin crystal values Is, of course, 0£) « True, we 

assy have had the one chance in 3f occurring? only further 
experimentation by other parties will tell. However, the 
authors feel strongly thet this 1© n physical phenomenon 
explainable by Section II~E*»£. 

(c) Mext we see thet the R totally corrected* 5 
curve is closest to the experimental results; end that 
for low energies, the experimental points are very close 
to the theoretical, differing from it by a nearly constant 
ratio for energies less than 1 Mev, with a slight increase 

flf) 

in orror at Co , and a considerable Increase in error for 

£4 

the energetic gammas of It , as also manifested by the 
spectral shape, «s noted in Section IV-A-H (page 58). 
the trend away froa the theoretical curve at high energies 
Is in conformity ©gain with Section XI-Ss and further 
substantiation to the argument regarding electron leakage 
and its correction, per Section IX-E-3, Is the rise of the 
sodiua point with configuration B-l. This Indicates that 
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the effect of ^scsttering-ln* of II-S-3(e) predominates 
over the ’’compensating* effect of (e) end (b), sene 
section. 

Thus, the majority of our theory Is confirmed. In 
general, the anthracene crystal is * sir-equivalent*, but 
crystal ge oxotry cost be considered In designing ti 
scintillation dosimeter for gems* energies above 1.25 
iSev, slnco the effects of secondary electron leakage 
become increeslngly important with Increasing energy, end 
these effects ere apparently the ones which cause a 
deviation from true air equivalence. Bound crystals of 
about fO ora diameter on d £0 cm in thickness, surrounded 
with a lucito cylinder of wall thickness of ojIO me would 
appear to be the best geometry, and experimentation 
therewith is rococmended, 

C. At toast at losagft yplUAtlon . 

1, Procedure. 

In order to evaluate the dosages cs obtained frora the 
integration of the curves as described in Section XV-A-1, 
a Keleket dosimeter was obtained. The calibration curves 
for this chamber are included in Appendix B as Figures £-13 
end The dosimeter was placed in the crystal* s 

position end runs made on *11 sources for a nuabar of 
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hours necessary to obtain a reasonable racing on the 

©4 

$calo of £00 or. The do#i«utar run on II* with its 
short half-life was corrected back to the aero tiao of 
the discriminator run by the easily derivable foravil*; 

a at * 

° (^ti : 0 -^f) 

in whioh D =» total (loss background) dosage »#G;mro»f>nt # 

\ * decay constant, 31 time of beginning dosimeter 
exposure, ** time of ending exposure, H * doso rate «t 
soro tia« (beginning of diner in Luc. tor run). A similar 
f ornul a was used to convert the reading on 43,5 day II g 
back an interval of some 10 days to ting da/ of its 
discriminator ran. 

The dosage exposure runs required a good deal of 
exposure tine, as is seen from the dose rates below. For 
this reason, it was not possible to take enough exposures 
to (jot © low statistical standard deviation, as aey bife 
seen by Table IV-C-1, and, cs will be shown, the variation 
of window width made further ettonpt* impractical. 

f . Comparison of Computed Dosage «nd Measured 
(Dosimeter) Pos^go, 

As has been mentioned before, the window vHMthAB 
(in volts) varied from nut to run in spite of careful 
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retting cf scro ret: on the differential direrininctor* 

It should be noted that Ar i« K>v is* »ls* ft function of 
the position of the Cs^'^ peak, end is therefore subject 
to a eticll error due to the statistical variations* therein. 
In computing tho date set forth in tsbla IV-C-X by the 
method of Section IVWV-i, E in Kov w«» computed using s 
Kinder? widtl of 1.0 + 0.1 volts, a conserve tire estimate 
of the error. From Table IV-C-1, it can be soon that only 
runlitative conclusions ern be dram: The cearnited descg# 

rate generally agrees with tho neesvred rote within 10 
percent. In general, it my be said that this electronic 
diffieul ty sliainntes the jossi dlifcy of using this oei;ip« 
ment to rsrrevre dose rate, though t .< v lue of the epuipssent 
in establishing tho cir-equivrior.ce of anthracene is not 
affected by the diffieul ty and the results of IV~D above 
nre perfectly valid. 



Source 


Crystal 

Co nf_,_ 


i'csagex AE 
( r/hr*Fov) 


A"\(Vp>v'\ 


Ode . 
Dosage 
(nr/hr) 


Observed 
(Basis:© ter) 
Uo$w 
CnrAr) 


H** 03 


A 


5,45 


5.72+0.3 


0.333+0.050 


0. 944+0.2 


*/ 03 


B 


5.53 


7. f 4+0.4 


0.770+0.043 


0. 944+0. £ 


Cs 154 


A 


49. 1 


15.5 +0.0 


3.10 +0.16 


3.14 +0.7 


Cs W 


B 


58.7 


18.S 41.0 


3.16 +0.18 


3.14 +0.7 


Co 60 


A 


633 


36. e +r.o 


17.3 +0.0 


14.7 +0.3 


Co 60 


B 


4 5 :e 


33.0 +1.8 


11.03 +0.7 


14.7 +0.3 


»*** 


B 


1030 


75?. 8 ±?„0 


^5.8 +1.4 


31.5 +2.2 


h’r P4 


13-1 


BO 30 


73.6 +4.0 


10.3 +1.5 


31.5 +1.2 


Ba 


A 


304 


43.1 + 3,4 


8.9 +0.5 


9.10 +1.3 


Be 


B 


517 


54.3 +1.9 


0.5 +0.5 


9.19 +1.3 




Because 


of this wide 


scatter of 


comparative results. 



no attempt has been «ade to Include en evaluation of the 
correction factor® of II-C~3(b). Before such could be 
done, a nethod of accurate window width determination would 
be required (sue Section V) . 

The reader is now referred to the following section 
for s suiBsary of findings end additional interpretation and 
discussion thereof. 
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frot. the umpcr teen till results ts 
faction IV It can bt. concluded that; 



given In dtst. il in 



1. Anthracene i« essentially uir-equivalon 
energy rsngw considered, oseept as noteu in ( x t) 



V 



in 



r-nd 



the 

(3) 



below. 



Z, Deviations fro* air-#quiv*l«iCO will be eryerlenctd 
at higher gassra* energies if the *c titillating awulua lc 
not large wnoujp* to electron loakago, or at the 

lower g susan* energies if the cry^te* so l&rg<* that 
plural scattering becomes appreciable. 

3. electron i«*ksgo cm. oo mittiaisas. eurr ©ending 
t^e crystal wifca « B roilr cting” *« ter 1*1 # taller in 
composition to an thr scene. 

•h Dosage tier swraaienta «».« de with the scintillation 
counter were consistent vitx* those node by on icnisation 
cnaiabar, subject to tne inaccuracy imposed b> iruioterainscy 
in differential direr bains tor window width. 

5. It appears to be very difficult to construct an 
electronic circuit to display the scintillator ovupu t 
directly in terns of dosage. A circuit was used tuieh 
gfcvo this indication indirectly. 



6. Ao described In Section IV-8-1, » value of 1.08 
Mev for the weighted average energy (K f ) of the ge^aa rays 
fro® e radium source with 0,5 ms plstinua filtration we* 
obtained. This Is consistent with th® result® of Hine^ r4 
who obtained 1,04 Sev, but soaewhst higher then r computed 
value of 0.84 llev using the spectrum given by Ellis end 
AntorS^ and using date fro® tusvisson^ to compute the 
effect of Pt filtration. Other spectre mentioned in the 
literature would give values sgreeing more closely with 
the results obtained herein, but since the v&lue of the 
weighted average geoiaa ray energy of a spectrum &s coaplo* 
as radius is in doubt, nothing further can properly be 
concluded here. 

B. Recommendations tsuL hllSLt InmUfAUfrafi* 

Since crystal sire Rt higher energies Is important 
further work should be done in getting more detailed 
quantitative information on the effect. These data will 
be important to workers using the scintillation counter at 
energies above ^1.5 Mev. 

In order to make the system using the differential 
discriminator give indication of dosage accurate enough 
for research purposes, a method of determining th® exact 
window width must bo devised. Two such methods are 
suggested i 
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(«) Use of e sealer- timer circuit in conjunction 
with the egulfnent used by the authors) with discrimination 
level of scaler matched to the lower level of the differential 
discriminator. In this way, A t can be determined by 
comparison with the measurement of A*! x Jf (lection If-A). 

(b) Use of a vacuus tube voltmeter with recording 
tfftlfSMNit* to monitor AS in volt a directly across the 
particular resistor in the differential discriminator 
which provides the voltage difference A3S. After this 
has been accomplished rare work can bo done on compering 
the dosage given by the scintillation counter with that 
fiivon by the air ionization chamber. 

In order to utilize the scintillation detector es a 
practical instrument for Indicating dosage a simple electronic 
circuit oust bo designed to sum the photomultiplier output 
over the number of pulses and pulse heights. One approach 
is to rectify the output taken directly from the ohoto- 
Kultiolier tuba to avoid overshoot difficulties. Ter- 
Pogossien^ end the Sloon-JCsttering Institute^"®^ have 
developed two such circuits but; no information he* been 
published concerning their aecurscy, or other characteristics. 

In conclusion, the authors wish to express their 
sincere thank* to 1 Dr. Ftobley P, Evans for his invaluable 
counsel, advice, and encouragement throughout the whole of 
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this work) to Dr. Ger 14 J. Bln* for hi# original 
s\iggo*tion of the problem, infinite patience end day-b y-dcy 
guidance without which little success would have bean 
possible; to Mr. Horraan ^udnici: for his aid in developing 
a reasonable theory) to all the personnel of the 
Radioactivity Center, SS.I.f, for tnelr cooperation at 
ell tlaes* Hr. Joel 8. Bulklcy and ^!r. Oi&ney G. Mlllenj 
end finally to Mrs. Grace Rowe for her competent draftsmanship 
in reproducing the figviros included* 



m mumsim. mu mm nm 



1. For air, the requ iroc'l information i® available 
froa Goodsaan^^ end Its accuracy in cr and CT^ *aa 
checked by recomputing cr end ^ frost # c T and # <3“ R a* 
given in reference (12) • In these computation®, the 
percentage by weight of air wait need «® follows t 



Hitrogen 

Oxygen 

Hare gese* 



75,8 percent 
1 ?3.£J? percent 
0.06 percent 
0.93 percent 



This gave ft figure of 3*007 x 10*^ electrons per grim, in 
agreement with Lea v *^ / , which when combined with cr and 

t 

-sr*. and density in g»s/c a rives cr and o~ in era . 

ty 19 

2. ?or nnthr scene end sodium Iodide no ready~rR&de 
curves were available and eech coefficient had to be 
calculated by the use of appropriate foraulsa, taking the 
weight percentage of each element into account. 
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Anthracene. (C 14 %q) 

Percent hydrogen by weight * 5.81 
Percent cerfcon by weight =94.39 



Electrons per gram calculations H * Avegadro* a number 
k« 0.0S81 *„* x * 9M * ' iJ - 4 -a a aa x l-il|£iisn.o.o 56 iH 



fitOfl 



Cx 0.9439 x f£““ x 



1 nol* * fl.Ofe X ic* ? x , £.«i2Xi 



jsole 



ntoo 



0.5E81H 



Therefore electrons/ ga * 3.18 * 10 



£3 



p * density of anthracene » 1.C5 p»«/ee. 



fodtua Iodide 

percent N» by weight « 15.3 
Percent I by weight * 34.7 

filiailcr computation to imthr&cen* gives P. 57 P elect/ gn. 
p * density of sodium iodido crystal ** 3.687 gss/cc. 

Thus for these t^o crystals, knowing the electrons/ ga and p, 

we obtain cr sad _cr froa ref erenee (IP) , and compute 0“ 

o # n 

and cr os a function of S • 

a t 

The computation of *Y end K. is e bit more difficult. 

( i^\ 

First let us consider th^ photoelectric effect. Lee s '' 
gives an empirical photoelectric relations 



r/p * 0.0089 




where X is the game* wavelength in angstroms ; And tabulates 
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values of a end of the coefficient of X n for various 
eleoentat 



Element 


Coefficient 


a 


11 


0.009 


3.05 


n 

SJt 


1.150 


3.05 


Hft 


7. *00 


2.05 



Therefore for anthracene ’•eight ins each coefficient by 
the percent abundance of the element, m obtain 



* [(Mm) (0.009) ♦ (0.9433) (1.15)} \ 



3.05 



JL* 



067 x IQ 



-Q 



52. 



3*05 



cm 



■»X 



la ^£v) 



This weighting method eas applied as a check to a determination 
of ‘T'/p for sir and the value obtained v*s in agreement 
with published value* of T for sir" . 

t?e notice fch t the value of n in X n is not given for 
iodine , end it **» therefore not possible to use the sbov© 
method completely for sodiua iodide. 



(^/p) Rft "by formula * * 10 

K 



V 



-5 _£lX 
grea 



Frcr. Victoreen 



(U) 



•:r find 



( ^/P) 



* 1140 - 1163 X 4 



X In angstroms. 



S?.17 « 10~ 3 _ g.73 « 10~ f 



B ' 



E. 



cr> f 

grsa 
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Then by the uen«l weighting , 



(T/p) ht , « (o,X5>3) (T/p) Kg + (0.647) (^/p^ 

from which for mu Is was computed* 

Finally, K **i computed for both crystals by use 

of fc lecd atenderd curve, Lec.d. was chosen beceuee its 

theoretical j air nro&uction curv< hits been well chocked 

by experimentation , >* Project Rend report tabulate* 

the atomic pair production coefficient for lead where 

PP 

K * Tp <37 , ?j being AvogRdro^n number, p the density, end 

■ f p r 

A the rsr.so nunber. 




where * percent, by weight, of constituents. 




wr.eute K * p —■•«*■ — •- — 

* 1 nor/ 

Substituting from above, to obtain K x in tors* of Rend 
vcluesj 
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K 

x 






^PP 



Li 



'leetl 



3K 



For anthracene the constants evaluate to give 

^ K >snth * * i0 "' ^p m ' 1 

For aodlua iodide, we obtain 

<K) EoI « 0 “ ca ' 1 

From these compute tions, trie values of ji and 
were calculated for use In Section II. Tha variation of 
p with E^ is sheen In Figure A-l, for anthracene and 
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Figure A -I 

THEORETICAL VARIATION OF LINEAR 
ATTENUATION CONSTANT > M 
with Gamma -Ray Energy for Sodium 
Iodide and Anthracene 



' I 
0.8 

o.e 

0.4 
02 



\ 



\ 



\ 



\ 



\ 



\ 



\ 












O.l 

.08 

.06 

.04 






r o, 



c e t 



ye 



. 02 . 



J L 



I I I l I 



I .1 U — L 



O.l 



0.2 0.4 0.6 0.8 10 20 

Ey = Gamma Roy Energy in Mev 



40 6.0 8010 



ABPBSEDC B 



C 



CHOOKSARY T 1 



■/LIBRATI05 CUHVEG 

AND 

.?xrpRO!* rrrtcmi, sistrcttxojjs 



§{= AE in counts per minute 













I 


















I 




I 

: I 

I 








True Exposure - Milliroentgens 




Multiply Reoding by ! 




3 



mkimim 

X» Xttn^r, A . ih , III, Tor— Pojoosicn, M«; nucleonics 
12., no. 8, February 195?. 

f. Glass, F. §C., end Hurst, 0. S.j tUy. £cl. Inst. 

II, 6? (135?;). 

3. Ivans, H. Nucleonics I, !?o. ff, October 1047. 

4. Gray, L. H. j ?roc. ?oy. £ac. (London) 1 56 A . 578 (1036). 

5. Gray, L. E.j Proc. Cff.br, Phil . Sac. jo, 7P (1044). 

6. L.iSE, Mass. Inst. of Tech., Tt«h. Report ~o. 55, Jan. 1052. 

7. Hopkins, J. l.j Pays. P.ov. 7£, 406 (1950) . 

6. Hopkins, J. I.,* Rev. Scl. Inst. £g t 99 (1051). 

9. Davisson, C. L. ft.; MIT Ph. D. Thesis, 1943. 

10, '.vans, ft. L.j t3npubli*had chapter on gsrnsas interactions, 

May 1051. 

11. Goodman, C.; ’’Lcioneo md fin wintering of Nuclear Power’', 

Vol. I, Addison and V ©ale. Press, 1947, 

If. Bin®, G. J • ; Kualaonie:* 7, Jio. 4, October 1950. 

1 . Lea, D. K. j "‘Action of Radiation on Living Celle”, 

Cambridge O'niwrsity Press, 1946. 

14. Victoroan, J. A.; Jour. Appl. Phya, 14, 95 (1045), 
l’>. Latter, uni Fata, "Projact Rand” Report P-170, 

1349. 

16. , ine, 6 . J.j Nucleonic® 10, la. 1, January 10W. 

17. tthitebar, L, L.j nucleonics £ 0 . 4, April 1359. 

18. Fluharty, R. G.j Nucleonics I, Ho. 1, July 1948. 






t I ,111 . - • * ' 7 

• ' ' • •<* 

: . : • : 1 i .$• u.f ' ... *.a . , ; . 

.<»«:) <L- 

X . . ,1 « *n**U>tr i . . ,i v .* 

■' t . {/ r « '■'*.#) r i. . »•: ' 

«n ? % 2 t .«-» • if " . -■ . '< ,r ■ ••■ 

. . . t - 4 • . r :• y . - ' . s .1 .« a i* * 1 .A 

.(< r .*!ix) v .n * • .<■ : *i t.l • <3 Jt»v » .v 

. ( . r i) i'i t . • . ‘ . I *i f . J . ( * -1: r. [ . i 

, i r . . • I . . j , . ... 

t i on *. * ?l - u ..• t *4 . • • J » ,/tT t . .• , > ' TY . L 

, * - • - 1 1 ■ I ■ * ' r •• 1*1" i x . **•*••' .It 

.V 'l t **T. • : -*••* e-. I •. ^ ,Iv.V 

, ’ * * t . £ •• ! 0 ,.*• .*• . - . *1 

t s*t»' .a v «*u .*1 

• < *1 ,M'*' in • » J ’J< 

r ' : ) 1 % . •.' •* .1 ».• . , ...#•**_> »f i ,*i 

“ . « ■-* t . «t» <;*J .ei 

r • . . . • • . . r .o s .i. : .tx 

t . * .iu. . I* i . . - . ^ , • ' . . * .'£ 

. ,1 .»* ' £ • I • Irr > ;,J . , •' .r.X 



-a 4. 



19. bisioro, K, 0., fend tends, ,f Electronic®**, 
StcUrt*»-Kill (1949). 

£0. Kip, Eovsf.uwt, £. , Snans, R. B. , end Tuttle, 

B.j Rev. 6cl. Iiut. il. Mo* 9, 313 (1946). 
fcl. Ulna, S. «.$ LUCE, MIT Progress Report, CD Feb. 1952. 
£f. MIT, Eng. Memo. »o. MB. LerYOj*ech*nie« Lub. , 
ptjjC E ^j.9d1) . 

£3. Xeylor, C. J., Jcmtac-kc, R. K., Re»I«y, H. L. , 

Kby, F. L. , end Kruger, P. 6.; ?liy&. Rer. ££# 

1034 (1051). 

K4. Kine, C. J.j Rhys. Bov. §S~ t 755 (1951). 

£5. Kills, C. D., end Aston, G. R. ; Free. Roy. Soc* 
i:~9P . 160 (1930). 

16. GloWi-Kwttarlng Institute, Now York, ?i. Y. , 

Electromotor Circuit teocel 104. 

17. Rossi, B. tt. , end fttavb, h. B.i r: Ionisution Chambers 

end Countersi Experiments! Teczinicue of fi , McCr&w- 
Bill (1649). 



, r-i « • • * . ' • *1 , . 

. /’ ' l -■* •• 

. .« • ' . . <r*« *aw : ,|i 

; <4 .of .#» .*• • t .. 

ti. ,i4t; , k 

• • -•*• ■- • -<*- • »-»■• * [ • ' . - • , : "•■ < "i • 

AW j * 

, . . t , T* • . ' • J % • • n * t t - t . . 

. ■ „ ,‘r .»•<»> . * -t. . ,.-1 . ' , A » 

* ( r % : ) *-».?! 

• u * -• • .J_ •• • . • ' i . . . . 

. •- « ,f ,4. •: . tn ,.t x m: .P!-. 

« r - 

,1' , <Hi 4»,| . i . . 

. . : f; * 4 . ' 

■ •. hj ' i. :> i, .. »„•. .. t .>. » .v 

• - i - j i , w>l.#uk*? i*»«ua^,4.: imJ*"/ ..i- 






OCT 2 
A£HO 56 

OC I 4 58 

AG 6 64 



B INOERV 

~-4-l 4 2* 
5 3 8 2 
1 4 3 8 4 









18055 

Thesis Prestwich 

P92 Gamma ray dosimetry with 

a scintillation counter. 



OCT 2 
U9-.IQ 56 

OC «4 58 

AG 6 64 



B INOERV 

4-T h 2 ' 

5 3 8 2 
1 4 3 8 4 



r 



18055 



I'lciig 

P82 



Fresttvich . 

Gamma ray dosimetry v/ith a 
scintillation counter. 



' .ibrary 

V . S. Naval Postgraduate School 
Monterey, California 



